Y.K.Cheung, JHWLee& A YT.Leung(eds) 905410029 X
Computational mechanics — Proceedings of the Asian Pacific
conference on computational mechanics, Hong Kong, 1113
December 1991

1991, 25 ¢m, ¢.1700 pp., 2 vols., HA.275 / $150.00 / £85
Computational mechanics is a relatively new discipline which has
emerged from the parallel developments of the numerical approxi-
mation methods and the high speed modern computers. These
developments have revolutionarized the manner in which en-
gineers and scientists approach their problems. Many challenging
problems which have never been solved can today be dealt with
quantitatively by computational mechanics. The proceedings con-
tains a collection of keynote and invited papets, together with
contributions selected for presentation at the conference, covering
a wide range of problem areas in solid and fluid mechanics. The
Papers summarize recent research developments in numerical
techniques including semi-analytical, finite element and boundary
element methods. They also offer arich variety of examples of the
application of these powerful methods to practical problems:
structural analysis, nonlinear dynamics, soil-structure-fluid inter-
action, geotechnical engineering, crack and fracture, composite
materials, mechanical and aeronautical engineering, geohysical,
environmental and industrial fluid lows. Editors: Univ, of Hong
Kong,

FROM THE SAME PUBLISHER:

Yu. K. Zaretskiy

Viscoplasticity of soils and analyses of structures
GEOTECHNIKA 4 —Selected transiations of Russian geotech-
nical literature

1992, 25 cm, 348 pp.,Hfl. 165 / $90.00 / £52

A translation of Vyazkoplastichnost’ gruntov i raschoty sooruzhe-
iy, Moscow, 1988. A new complex approach to assessment of the
stress-strain condition of foundations and earth structures which
permits limit-state computations. Soil plasticity and dynamic con-
solidation are discussed in terms of theological processes due to
static and dynamic loading. Results of experiments on soil
strength and deformability under static and dynamic loading are
discussed. Algorithms are provided for computations of elastovi-
scoplastic soil deformations, and results of numerical stress-strain
experiments employing those algorithms are analysed for founda-
tions and footings of structures, dykes, dams, and other structures.
Topics: Cohesionless soil; Clayey soils; Subsiding soils; Thawing
soils; Basic equations & algorithms of engineering design; Predic-
tion of subsidence & stress strain condition of natural foundations
of industrial & civil engineering structures; Design of drilled-cast
piles; Stress-strain design for earth dam.

9061911745

Arogyaswamy, R.N.P

Geotechnical application in civil engineering
1992,25¢m, 313 pp., HA.125/$70.00/£39
This book emphasis the need for close and effective cooperation
of all relevant geotechnical disciplines. These include engineering
geology, engineering geophysics, soil and rock mechanics and
civil and mining engineering. Although each of these is a rec-
ognised disciplinein its own right, each one depends to a certain
extent on the other for effective application to many engineering
undertakings. The book discusses competently natural processes,
such as weathering, sedimentation, seismotectonics, river and
coastal mechanics and the hazards resulting from these. Methods
of field and laboratory study of soils and clay minerals, field
practices, and the role of geologists in engineering are also exa-
mined. The book will serve as a handbook to the site geologist as
well as to the site engineer. (Norights India)

905410208 X

Sgrum, Geraldine (ed.) 9054100257
Field measurements in geomechanics — Proceedings of the 3rd
international symposium, Oslo, 9~ | | September 1991

1991, 25 cm, 965 pp., 2 vols., HAl.295 / $160.00 /£90

The 90 papers cover the 3 main themes of the symposium: Instru-
ments and measurement techniques; Data acquisition, processing
and interpretation; Use of field measurements as an aid in problem
solving. The general high quality of the papers ensures that the .
readeris quickly engaged by the topics discussed. The number and
variety of the papers indicate a high activity around the world
within many areas of instrumentation and geomechanics and the
papers presented should be an encouragement and challenge to
those working within the field. For those not familiar with the
advantages of instrumentation the publication will be an inspira-
tion to find out more.

Rakowski, Z. (ed.) 9054100397
Geomechanics 91 — Proceedings of an international conference,
Hradec|Ostrava, Czechoslovakia, 24 — 26 September 1991

1992, 25 cm, ¢.500 pp., Hfl. 135 /$75.00 / £43

The proceedings cover two main groups of papers: Stability prob-
lems with special attention to numerical methods and the latest
achievements in water jet technology with special attention to rock
cutting. Theoretical approaches and practical experience are pres-
ented parallelly. Significant contributions were done by famous
scientists from around the world. This book will serve very good
for those interested in non linear geomechanical problems and
rapidly expanding water jet technology. 52 papers.

A.S.Balasubramaniam et al. (eds. ) 9054100192
Developments in geotechnical aspects of embankments, exa-
vations and buried structures— Proceedings of the symposium
held in 1988 and 1990 at Bangkok on underground excavations in
soils and rocks, including earth pressure theories, buried struc-
tures and tunnels, and developments in laboratory and field tests
in geotechrical engineering practice, respectively

1991, 25 cm, 608 pp., HA.195 /$99.00 / £62

This volume contains a total of 47 papers contributed by experts
on recent developments in peotechnical aspects of embankments,
excavations and buried structures. For ease of reference, this vo-
lume has been divided into five sections, namely: Laboratory and
field tests; Embankments, excavations, slopes and earth retaming
structures; Tunnels and buried structures; Soil and rock improve-
mentys; In situ investigation and selected topics. The majority of
papers in the first section deal with 1 g and centrifugal modei tests,
and they refer to a wide range of geotechnical problems. Papers in
the second section refer to laboratory model tests and full-scale
tests. A wide section of topics on buried pipelines and tunnels are
covered in section three. All papers in section four relate mainly to
soil improvements.

Balasubramaniam, A.S. et al. (eds.) 9061911168
Geotechnical aspects of restoration works on infrastructures
and monuments — Proceedings of a symposium, Bangkok, De-
cember 1958

1990, 25 cm, 384 pp., Hfl.125 / $65.00 / £40.50

The 32 papers are classified under 5 sections, The first section on
ancient structures & historical monuments contains 8 valuable
contributions related to the ancient tomb damage in the valley of
the Kings, the Leaning Tower of Pisa, the Venice Lagoon, the
ancient city of Kausambi in India, the Mohenjodaro in Pakistan,
the Buddhist temples in Thailand, and several other historical
monuments in Italy, Egypt, and South Africa. Other sections:
Recent structures - Buildings and water tower; Risk assessment &
safety of dams; Rehabilitation of dams; Materials & miscella-
neous topics.

All books available from your bookseller or directly from the publisher:
A.A Balkema Publishers, PO.Box 1675, Rotterdam, Netherlands
For USA & Canada: A.A. Balkema Publishers, Old Post Rd, Brookfield, VT, USA
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Incremental finite element formulation for nonlinear structural design
sensitivity analysis

M. Kleiber
RCAST, University of Tokyo, Japan (On leave of absence from. The Polish Academy of Sciences, Warsaw)

T.D.Hien & E.Postek

Polish Academy of Sciences, Warsaw, Poland

ABSTRACT: The purpose of the paper is to provide a finite element formulation for path-dependent structural
design sensitivity problems of nonlinear systems. The discussion is restricted to multi-degrees of freedom systems
with fixed overall configuration. For consistency with the incremental description of equilibrium, the Taylor ex-
pansion about the current values of nodal displacements is made for the response functional and state functions
of the systems. Both the direct differentiation and adjoint variable methods, as well as a mixed differentiation-
adjoint technique are employed to evaluate 1st- and 2nd-order sensitivity increments during the load step. The
total sensitivity is obtained by accumulating the incremental sensitivities.

Effectiveness and computational aspects of the procedures are discussed and compared. All the numerical
algorithms are shown to be readily implemented in existing finite element codes.

A number of test examples illustrates the paper.

1 INTRODUCTION

Structural design sensitivity (SDS) concerns the relationship between structural response func-
tional design variables. As an extension of the general sensitivity theory, see Frank [1], the
development of SDS was initiated by Zienkiewicz and Campbell [2]. Further, the adjoint and
direct methods were generalized by Haug, Arora, Choi and Komkov [3]-[5], Ryu et al [6], Yang
and Botkin [7) and Raju et al [8]. Dems and Mroz [9,10], Haftka and Mroz [11,12] and Haug [3]
presented the variational approaches to 1st- and 2nd-order nonlinear SDS. Using the fuzzy set
theory Kleiber [13] estimated nonlinear SDS to imperfections in terms of natural language expres-
sions. Discussions on the finite element (FE) analysis of the deterministic and stochastic SDS were
offered by Hien and Kleiber [14]-[16]. Some computer codes have been supported with nonlinear
SDS options, see Arora, Cardoso and Haririan [17]-[19] on the basis of incremental formulations.
These procedures, however, is not fully incremental and thus not general enough to deal with
any nonlinear behaviour. A general incremental formulation for path-dependent problems was
proposed by Cardoso, Tsay and Arora [20]-[22] in an analytical way. Such a description in the
context of the FE modelling seems to be non-existing in the literature. The purpose of the text
is to provide a fully incremental formulation for nonlinear SDS problems.

2 PROBLEM STATEMENT
Consider response of the nonlinear system of N degrees of freedom defined by the functional

(t+At)g A (:+A2)G[ (t+At)q(h)’ h} (1)

where (+49@ is a given function of its arguments at time t+At, h={h}, e=12...,E, is
the vector of design variables, “**7q(h) = {t+a0g (R%)}, @ = 1,2,..., N, is the vector of nodal
displacement-type parameters. The displacements satisfy the FE equilibrium equation described
in the incremental form as

Kop[ “+*7q(h), h] Agy(h) = AQu(h) (2)

where K., is the system stiffness matrix, and
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Ag,= +ay

(3)
is the vector of the displacement increments due
Assume that K, and AQ, are S times continuous
the implicit function theorem, [23,24], “+29g  is then also § continuously differentiable. F urther,
assume that “*49G has also § continuous variations with respect to A° and $+1 continuous
variations with respect to “+49g  The computation up to S variations of *+29¢G with respect to
h® can then be performed. We shall consider the cases when S is equal to 1 and 2, i.e., evaluate

the 1st- and 2nd-order SDS functions, denoted by (t+20Ge 5nq SgHs e Fai . B
Let us express (240G, (+ange on4 (t+ane

to the load increments AQ, from ¢ to 4+ Af,
ly differentiable with respect to A, According to

f respectively as
(:+Ae)g =(:)g+ Ag (:+m)g.e =(:)g.e i Ag,e

where AG* and AG* denote the so-called 1st-
that )G and G/ are known, the objective of
analysis is to evaluate AG*® and AGef. (
notation with no the left upper index (t)

(¢+At)g.e_f :(t)g.ef o Ag.ef (4)

and 2nd-order sensitivity increments. Assume
the incremental formulation for nonlinear SDS
From now on, let us use for simplicity the shortened
o indicate all the quantities evaluated at t)

3 FIRST-ORDER SENSITIVITY INCREMENTS
By using the Leibnitz’s rule differentiation of Eq. (1) leads to

(H-At)g.e e (H-At}G.e + (:+At]G (t+At)
13

g (5)

where (.)° and (.),, denote the first partial derivatives with respect to 4¢ and d.. The lst-order

Taylor expansion is made for “*+29(7 about 4o (evaluated at ¢) gives

(t+A:lG = + GaAqu (6)

Substituting the expanded equations for (*40@ and its derivatives with respect to A¢ and ¢, into

Eq. (5), and noting Eqs. (3),(4)2 and 3+49G/9Aq, = ., the e-th 1st-order sensitivity increment
reads

AG*® = (Gf' + G’_nﬂq;’)ch. + (G.n o G.asAq,s)A%e (7)

In this equation the only Ag; remains to be calculated. This can be done alternatively by direct
differentiation method (DDM) or by the adjoint variable method (AVM),
By the use of DDM we take differentiation of Eq. (2) with respect to &° to get

Kﬂ.ﬂAq; = AQ: . (Ka?s + Kaﬂ-TQ;B)Aqﬁ e= 1) 27 mEnEny E (8)

Having solved Eq. (8) for Ag® the expression for AG can be obtained explicitly. It is seen from
Egs. (2),(8) that the number of equations to be solved is equal to £+1.
The main idea behind AVM is to define an adjoint vector A={A,}, a =1,2,... N

Kaghs =G+ GlaplAgs
so that

(9)

AG® = AQIAe + [G4 + Guastf — (K + Kpantf)A,] Ag, (10)

Noting that the right-hand side of Eq. (9

incremental formulation gives the adj
mulations.

is the lst-order expansion about q. of +29¢G  the
oint equation of identical form to that from the other for-

1212

NTS
3 - R SENSITIVITY INCREM]:] A
T E’D%ON(];) (t)liDsEcond derivatives of (+29G with respect to h® can be expressed as
‘rom Liq.
((:+mjg.e e CEoTel (c+m)q;e).j
(:+m)G.ef 4 (:-m:)G.e (H-A:)q;f + {:+At)G:£ (:+At)q:,
+ (c+Ae)G (t+Az]q.f (c+At)q.e + {t-;—At)Gu (H-A:)q.:f (11)
“ap ¥:3 a

(:+m)g-ef =

; ivatives with
: (t+80(7 and for its first and second deriva

; R he expansion (6) for

Iimploying in Eq. (11) ¢

respect to k¢ and ¢., and noting Egs. (3),(4)s we arrive at
AGH = (G& +Gogf + Chati + ot + Gﬁ;q;f) Aq,
+ 6%+ Gt + (Gas+ Grostiy) Agy| Ag;
+ (G + Gustyf + (s + Gt Ags) Ags k "
+ (Gust Gasbt) A A + (G + Glsgs) AL e
In Bq. (12) the only Agy and A_qf;f remain to be evaluated. This can be done by o »
or by a mixed differentiation-adjoint scheme.

1 ; iation Technique
4.1 Direct Differentiation ' ' _
By differentiating Eq. (8) with respect to A® to obtain

.e .ef
KA = AQe - K + K a! + (B + Koot )45 + Kupat |Ag, |
ap qﬂ T @ a af.y : i o i 13
+ (K2 + Kupot? ) AT —( K5+ Kapat] ) A 5 P 1.0 ( h
c - - . - -t
2),(8),(13) and Eq. (12) provide the complete solution. Smcelf_‘.q. 51?‘;)1 is symmetric wi
" : i ved.
Ijqiegt)éf) e’a,nd f this problem requires E(E +3)/2+1 equations to be so
res

4.2 Adjoint Variable Tec.fmique i
Differentiating Eq. (10) with respect to he yields

G = AQIN +{ G +Gopaf + (Gt Gamt) 45 + Gt
— (K + Kt + (K + Koonctl! ) 47 + Kooty 2o} 50 N 5
+ [G% + Gupty — (K + Kot ) 2a] 00! +[8Q2 — (K, + Kapat )aas] X

i i iati Eq. (9)
i let us first take differentiation of
where Ag/ and A remain to be computed. To do this, let u

e . : e d g = (£}
with <t to ke, and then define two sets of £ adjoint variable vectors ¥° = {#°} and £° = {€23,
respe :
e 1: 1 2p N a,s, the solution of the equations
;Ko BLSCEtS | 3

(14)

Kopt = AQ; = (K + Kupot?) B0 e=1.2....E (15)
Kol = G + Glagg — (K& + Kapt)Aa + Gl |

Having solved 2(E + 1) equations. (2),(9),(15) for A,, 95 and £ we arrive e:tr
AGH = AQEA +{GY +Gqf + (G + Gasit! ) s +fG.uﬁq;s

(Kt + Kot + (K + Bt ) 45+ Kooty ] )\af} Ad :

[0+ Gupgf +(GLp+ Cort!) A5 — (Kidy+ Kapagi]) Mo 95

(16)
[AQ2 — (K + Kuprt?) A05] €]

+ +
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4.3 Mfzed Differentiation-Adjoint Technigue
Observing that the last term on the i

load (Eq. (9)) multiplied by the 2nd-

g Sawr / i
we arrive at order sensitivity of the displacement increments (Eq. (13))

AGY = (Gif +Gogf + Lty + Gretia! +Gpag?) Ag.

[G% + Glougy + (Gap + Gy Agy] Agf

[+ Gasf + (Gap + Guarpa?) Ags] Ag?

(Gus + Gaprg,) Agf Ag?

{802 — [K + Kgpa) + (K, + Kunnet?) 4 + Kopog™] Ag
+ (K + Kaant?) A — (K + Kupog?) Agt I (et

Eqs. (2),(8),(9) and Eq. (17) gi i
J ; give the complete solution. By usi i i iati
method the total number of solutions reduces t(c)) 1415'1-3(3. R R Aot

5 NUMERICAL RESULTS

To illustrate the above formulati i
ion we shall consider below the 1st-ord itivi
. ; -order sensitivit
fic;;']fs giometfnca.lly nonlinear systems. The response functional is assumed as tl::: 3c:liilr;eslponse o
O degrees of freedom, G=| ¢, | /¥ —1<0, where ¢ is an admissibl i
¢ member cross-sectional areas are defined as design variables . S

Let us first consider two-bar truss given in Fig. 1, where h=34.202, [ =93.969- Young modul
.202, 1=93.969; odulus

+ + + +

(17)

adjoint

0.0 5
—25]
~5.0 ]
~10.0 ]
-12.6 ol
e g_gsp}acement 3
q ispl. sensitivity (noniine :
5 —— displ. sensitivity Eime&r) B 4
X . ; ———

0 15 "o
load increment 20

Fig. 1

£E=50 - i =
oy fu;l (czlt'?jz ;e;:;;ti);n]c?;ll :;‘c::a; ﬁ—d 1.[2}, Qt——}; (;(2) The problem was solved adopting 18 load increments
lon: ode 2 with ¢¢* =1. The 2-displacement at ity
EE th.e variation of each cross-sectional area are shown in Ilz‘ig. 1 (i:l;h:n izjf i:i?id th‘? S
e I%}111«3&1‘ system. The results may be easily verified in an analy’tical way. ! Rt e
Lo };ﬂ.mpée 2 de:a.ls with the825-rnernber truss. Its geometry is given in Fig. 2. The followi
o e a opteq. E=69%10°% A=3.225x10"%, Q= {Q.,Q,,Q.} = {—19.2 —1é2 0 24ogwmg
(.)e tl}ncjlonal'ls (.ieﬁned at node 3 with ¢ = 1.0. The problem is cor.lsi,dered'il;—t el
1) structure with ideal geometry and (ii) structure is slightly twisted by moving node ;V ZVC?JSTS.
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ght-hand side of Eq. (12) is the product of the first adjoint

s jdeal system
swwien imperfect system
0.8 Ar————r——— T
( 10 20 30 4C
load increment

0.0 ra

sensitivity

H00.0

s ideal system (nonlinear)
aswea imperfect system (nonlinear)
idenl system (linear)

760.0 —r—T—" L e —r—TT 1
0 10 20 30 40
load increment

Fig. 2

and node 4 by —0.1 along z-direction. The computed result obtained for 40 load increments is
shown in Fig. 2. There is kept attention to response of the z-displacement at node 3 for ideal and

imperfect systems and to the rate of the sensitivity to the change of cross sectional area of the

cross-bar 4.

¢ CONCLUDING REMARKS
The fully incremental formulation for 1st- and 2nd-order nonlinear SDS problems seems to have

advantages over other approaches which require finding of internal nodal forces. It may be directly
developed for non-shape nonlinear SDS with no additional difficulties. The procedures developed
can readily be adapted to existing FE-based codes and would offer a cost-effective alternative in
nonlinear SDS analysis.

For the case of the lst-order SDS effectiveness of DDM and AVM depends on the total number
of design variables, of active constraints and of load conditions in the problem on hand. In the 2nd-
order SDS analysis AVM is generally more officient than DDM; the mixed differentiation-adjoint
technique far exceeds the both AVM and DDM but requires some sophistication in computer

implementation resolution.
In contrast to the primary system the lst- and 9nd-order equations of DDM and the adjoint

equations in AVM are always linear. This enables one to obtain the solution of these equations
simply by a typical forward-backward substitution procedure.

In dependence of the FE model employed the derivatives with respect to design variables can
be implemented in explicit way by direct, differentiation, or in implicit way by a finite difference
technique or by the least square fit method. The derivatives with respect to displacements would
be preferably evaluated by an implicit technique since the stiffness matrix is generally an implicit
function of displacements. It should be pointed out that on contrary to the stiffness matrix almost
all the entries derivative matrices are zero; in fact, their computation as well as calculations of
sensitivity coefficients can be carried out at the element level.
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